Abstract Male copulatory patterns, female multiple copulation and male post-copulatory guarding were studied in Eld's deer Cervus eldi in Datian National Nature Reserve, China. Mating behavior in 18 females and 11 males from a group of 61 semi-captive Eld's deer were observed. The majority (55.8%) of copulations occurred between 15:00-19:00 h. The ejaculatory mount was preceded by an average of 5.1 prior mounts. Successful copulation consisted of a single thrust with ejaculation during one intromission, with no lock. This copulatory pattern is classified as pattern No. 15 (no lock, no intravaginal thrusting, single intromission, and multiple ejaculation) and No. 16 (no lock, no intravaginal thrusting, single intromission, and single ejaculation) under Dewsbury's scheme (1972) and as No. 16 (no lock, no thrusting, single and brief intromission) under Dixson's classification (1998). Copulation frequency was 1.5 ± 0.9 times for males/ females with the same female/male per day. The duration of the final mount, which included ejaculation, was brief (3.4 ± 1.3 s), and ejaculation usually terminated copulation. Eleven females copulated more than once in this study: three of them copulated with several males (multi-male copulations) and the remainder copulated with a single male (repeated copulations). Our results indicate that some female Eld's deer may seek multiple copulations to be a strategy to improve the genetic quality of their offspring or to avoid harassment. Post-copulatory guarding of females by males followed all copulations, with dominant males guarding for significantly longer than subordinate males. Dominant males appear to be more effective at post-copulatory guarding than subordinate males. Subordinate males engaged in a quicker pre-copulatory phase to improve their chances of finishing copulation before being forced to accede to dominant males [Current Zoology 57 (3): 284-292, 2011].
Patterns of copulatory behavior vary widely among mammalian species. Ejaculating more than once per hour characterizes multiple ejaculation pattern, and copulation in mammals is classified into 16 patterns according to the presence or absence of four attributes: a lock, thrusting during intromissions, multiple intromissions, and multiple ejaculations. Only three species of cervid, black-tailed deer Odocoileus hemionus, Rocky mountain elk Cervus canadensis and tule elk C. elaphus nanodes, have been classified as having copulatory pattern No. 16 (no lock, no intravaginal thrusting, single intromission, and single ejaculation) (Dewsbury, 1972) . The copulatory behavior of many cervids has since been described in detail, including white-tailed deer O. virginianus (Warren et al., 1978) , red deer C. elaphus (Clutton-Brock et al., 1982) , sika deer C. nippon (Miura, 1984) , and white-lipped deer C. albirostris (Miura et al., 1993) . The copulatory patterns of these species are similar and can also be classified as pattern No. 16 according to Dewsbury's scheme. However, copulatory patterns of rare and endangered species of cervid are still unclear (Ungerfeld et al., 2008 ). An understanding of their copulatory patterns and the relationship to other species characteristics will provide important contributions to understanding of their adaptive significance (Dewsbury, 1972) .
Females of many mammalian species partake in multiple mating, with either a single male or several males (Stockley, 2003; Klemme et al., 2007; Lane et al., 2008) . The functional significance of this has been recognized, especially polytocous mammals where this behavior helps reduce the costs of reproductive failure resulting from genetic incompatibility (Stockley, 2003) . For example, female multiple mating is considered a strategy to reduce inbreeding in the common shrew Sorex araneus (Stockley et al., 1993) , and may increase the pregnancy rate of female Gunnison's prairie dogs Cynomys gunnisoni and bank voles Clethrionomys glareolus (Hoogland, 1998; Klemme et al., 2007) . Females from some species of cervids have been observed to engage in multiple copulations. Sun and Dai (1995) reported repeated copulations with a single male in Chinese water deer Hydropotes inermis, and Endo and Doi (2002) reported multi-male copulations and repeated copulations with a single male in sika deer. Our understanding of the adaptive function of female multiple mating behavior in cervid species lags behind that of other polytocous mammals. Most studies of mating behavior in deer have focused on male mating tactics and only a few have investigated the mating habits of females (CluttonBrock, 1989; Clutton-Brock et al., 1989) . Only one cervid study has directly investigated the benefits of this behavior under ecologically relevant conditions. For example, Endo and Doi (2002) suggested that female sika deer indulging in multiple copulations were seeking better genetic quality, rather than ensuring fertility, enhancing genetic diversity, or avoiding harassment.
Eld's deer Cervus eldi are listed as an endangered species in south and southeast Asia (Timmins and Duckworth, 2008) , and copulatory patterns in this species have not yet been described. Female Eld's deer can conceive as yearlings (mean age 469 days), whereas males are fertile at two years of age (Wemmer and Grodinsky, 1988; Monfort et al., 1993) . In their native tropical habitat Eld's deer exhibit seasonal reproductive rhythms and a peak in breeding from March to May and births from October to December (Aung et al., 2001; Song and Zeng, 2003) . Descriptions of reproductive behavior of Eld's deer have relied on detailed studies of captive or semi-free ranging populations (Wemmer and Grodinsky, 1988; Yuan et al., 1988; Zeng et al., 2001) . Female multiple mating behavior within a single estrous period has been documented in a semi-free ranging, native population of Hainan Eld's deer C. e. hainanus (Song and Zeng, 2003) , a subspecies found only in Hainan Island, China (Zeng et al., 2005) . However, there has been a lack of discussion regarding the mating procedures of both sexes in relation to copulation frequency of female Eld's deer. Previous studies have shown that the duration of estrous in female Hainan Eld's deer can be as long as 27 h, and males, especially dominant males, may exhibit post-copulatory guarding behavior for the duration of this period (Yuan et al., 1988; Song and Zeng, 2003) . These results indicate that dominant males may be engaged in post-copulatory guarding, but the significance of this behavior has not yet been investigated. Our study aims to classify the pattern of copulatory behavior displayed by Eld's deer, and to investigate multiple copulations by females and post-copulatory guarding by males in a semi-captive population. This descriptive data is essential for an understanding of the adaptive significance of copulatory behavior in this endangered species.
Materials and Methods

Study area and materials
The study was conducted in Datian National Nature Reserve (108°45′-108°50′ E, 19°04′-19°08′ N) in the western part of Hainan Island, China. The reserve is 30-80 m a.s.l and covers 1314 ha. The reserve consists of tropical grassland, scrubland and deciduous monsoon forest. The climate is hot and dry with an annual mean temperature of 24.6 °C. Monthly mean temperatures range from 18.4 °C in January to 29.1 °C in July. The area receives an annual rainfall of approximately 1000 mm with a distinct wet season from July to October.
The reserve is enclosed by a 2.8 m high wire fence to prevent poaching. During our study the population of Eld's deer within the fenced reserve was estimated at 580 individuals, and they inhabited scrubland and grassland sparsely covered by trees (Zeng et al., 2005) . A subpopulation of 61 individuals (28 adult males, 25 adult females, five male fawns, and three female fawns) lived in semi-captive conditions in a 20 ha enclosure within the reserve. The semi-captive deer feed mainly on natural fodder such as Desmodium spp., Grewia spp., Cleistanthus spp., Terminalia hainanensis, Heteropogon contorus, Imperata cylindrica, and Paspalum orbiculare. Small quantities of sweet potato, fresh grass or tender branches were provided in the evening to habituate the deer to people. The 53 adults comprising this semi-captive population were used in this study. All individuals were identifiable by ear-clip marks, and their pedigree information was on record. The age distribution was 2-12 yrs for females and 2-7 yrs for males.
Field observations and statistical analysis
Observations were carried out from dawn to dusk every day during the January to June rutting season of 1998. Two observers recorded behavioral data. One made direct observations with 8×30 binoculars from an 8 m high tower, and the other made direct observations from ground level 15-30 m from mating couples for the entirety of mating sequences. Mating sequences usually involved several prior mounts and the final mount with ejaculation. Although deer were occasionally screened by tall shrubs, the majority (85%-90%) of adults were under observation at all times. The total time for field observations was 1550 h. We employed an all-occurrences sampling method to record sexual behaviors of the deer during daytime using a SJ-1 Event Recorder (Institute of Zoology, Chinese Academy of Sciences, Beijing, China) (Altmann, 1974; Jiang, 1999) .
Male hierarchy was determined by recording the outcome of male-male interactions. The identities of the males involved in agonistic interactions were recorded, along with the outcome. The outcomes of agonistic interactions were used to calculate a dominance rank for all males every two weeks, following Clutton-Brock et al. (1979) index. We assigned a rank of 1 to the male with the highest index value, and all other males were ranked accordingly. If certain males changed in rank, they were assigned an average rank. All males were then grouped into two categories: dominant males (DMs) or subordinate males (SMs). The three males, which were always in the first three rank positions during the rut, occasionally switched dominance rankings, so they were classified as DMs in this study.
Estrous females can be easily identified because they wag their tails frequently and are usually accompanied by at least one male. Females under heat were observed all day, and their behaviors and those of associated males were recorded. Female Eld's deer estrus lasts approximately one day (Song and Zeng, 2003) . A male generally mounts a female several times before ejaculation, and guards her until her estrous period is over. Copulation completion can be identified by a forceful thrust by the male as he ejaculates. For each of observed copulations we identified the male and recorded the number of mountings and complete copulations. We also recorded the interval between successive copulations, interval between the first mount and successful copulation involving the ejaculatory mount during one sexual interaction, and the duration of post-copulatory guarding. Post-copulatory guarding was classified as finished when stopped by the guarding male or when interrupted ('guard breaks'). In the latter case, we also recorded the cause: (1) the guarding male was driven away from a female forcibly by a male of higher ranking in the hierarchical scale (take-over); or (2) the female left the guarding male spontaneously (escape). When a male copulated repeatedly with a female on the day of her estrus, the duration of guarding was recorded as the period from the first copulation to the end of his guarding. If the focal pair disappeared from view we recorded the duration of guarding until the observation was cut off. In such cases, our data represents minimal durations of guarding, because the males involved were still escorting females when observations ceased.
Due to non-normally distributed data, we used Mann-Whitney U-tests for the comparison of some mating parameters between different types of males or females. The correlation between mounting frequency and duration of mating sequences was tested using Pearson correlation analysis. Spearman correlation analysis was used to test the correlations between male rank and numbers of ejaculations or partners. We performed frequency comparisons between two dichotomous variables using Fisher's exact tests (Zar, 1999) . Arithmetic means are given with standard deviations, and medians are given with the first and the third quartiles (Q 1 and Q 3 ). Except for Fisher's exact test, all statistical analyses were performed in SPSS 13.0 (SPSS Inc., Chicago, USA). Differences were considered significant at α < 0.05.
Results
Male copulatory pattern
We observed 43 copulations involving 18 adult females and 11 adult males. Multiple estrous periods were observed for four females. In total, the 18 females exhibited 23 estrous periods, which for the purpose of this study will be classified as 23 female cases. Fig. 1 shows the distribution of copulations throughout the day. A peak in copulations occurred between 17: 00-19: 00 h, while another peak occurred between 10: 00-12: 00 h. The majority (55.8%) of copulations occurred between 15: 00-19: 00 h. To investigate whether copulations occurred at night we conducted nocturnal observations for three days while some females were in heat. Most individuals were observed resting in scrubland or grassland, so we decided against documenting nocturnal behaviors of mounting and copulation.
Male Eld's deer displayed a mean of 5.1 mounts before the final mount with intromission and ejaculation. These earlier mounts did not involve intromissions. Ejaculatory intromissions lasted only a few seconds and contained a single violent thrust. There was no lock, and ejaculation usually terminated copulatory activity. After mating, the male had a short refractory period during which he remained immobilized. In this species the entire episode of copulatory behavior consisted of a single thrust during a single intromission with one ejaculation, and no lock.
Key mating parameters of Hainan Eld's deer are shown in Table 1 . Copulation frequency was 1.5 ± 0.9 times (range: 1-4 times; n = 28) for males/females with the same female/male per day. However, male copulation frequency was 1.6 ± 0.9 times (n = 27) per day with the same and other females. Copulation frequency differed Duration of post-copulatory guarding by males (min) 28 201.0 ± 177.4 5 575 a female copulation frequency per estrous period, b duration from the beginning of the first mount to dismount following ejaculation, c interval between male successive copulations, i.e. between dismounting after ejaculation and the beginning of the first mount in the following copulation, d interval between successive copulations accepted by females, e interval from the end of the last copulation to the beginning of the mount with ejaculation, f mounting frequency during a copulation event.
for females because three estrous females copulated with two or more males during a single estrous period. Female copulation frequency was 1.9 ± 1.3 times (n = 23) per estrous period, with a maximum of six copulations. Male copulation interval was 133 ± 100 min (n = 16), while copulation interval between successive copulations accepted by females was 209 ± 381 min (n = 20). However, the minimum interval of female copulations was only 10 min, less than the 29 min for males. Three males were observed to have four cases of copulating twice within one hour or three times within two hours.
One out of six copulation intervals (16.7%) were within one hour for an alpha dominant male, whereas three out of five copulation intervals (60.0%) were within one hour for another dominant male. In total, six out of 16 male copulation intervals (37.5%) were within one hour. Multiple mounts were common during copulation events in this study, with only 11.6% of copulation events involving a single mounting with ejaculation. Duration for each mount was 2.7 ± 1.2 s (n = 260), and the interval between mounts was 59 ± 260 s (n = 217). Copulation duration of the last mount with ejaculation was brief (3.4 ± 1.3 s; range: 2-8 s; n = 43). Duration of mating sequences, i.e. the duration from the first mount to dismount after ejaculation, lasted 306 ± 671 s (range: 2-3212 s; n = 43). This duration was correlated with the number of mounts (Pearson correlation, r = 0.696, P < 0.001, n = 43). Post-copulatory guarding duration by males was 201 ± 177 min (n = 28).
Mating behavior of DMs and SMs
Male rank affected mating behavior. DMs in the first three rank positions had significantly more partners than SMs (Table 2 ; U-test, U = 0, z = -2.84, P = 0.005). Male rank correlated with numbers of ejaculations (Spearman correlation, r = −0.803, P = 0.003, n = 11) and numbers of partners (Spearman correlation, r = −0.853, P = 0.001, n = 11). The median number of mounts before ejaculation for DMs was 5 (n = 31, Q 1 = 3, Q 3 = 10) and for SMs was 3 (n = 12, Q 1 = 1.25, Q 3 = 4) (Fig. 2) . SMs mounted significantly fewer times than DMs (U-test, U = 92.500, z = −2.557, P = 0.011). Neither duration per mount (U-test, U =3687.500, z = −1.086, P = 0.278) nor mounting interval (U-test, U =2380.000, z = −0.068, P = 0.946) was significantly different between DMs and SMs. There was also no significant difference for the duration of the last mount with ejaculation (U-test, U =126.500, z = −1.744, P = 0.081). The duration of mating sequences for DMs was significantly longer than for SMs (U-test, U = 108.500, z = −2.099, P = 0.036). The median duration of mating sequences was 101.0 s (n = 31, Q 1 = 56.0, Q 3 = 408.0) for DMs and 42.5 s (n = 12, Q 1 = 8.5, Q 3 = 165.8) for SMs. SMs therefore commenced their last mount with ejaculation significantly earlier than DMs. 
Multiple copulations by females
Multiple copulations occurred in 11 of 23 cases. Three cases copulated with more than one male (multi-male copulations), and eight cases copulated with a single male (repeated copulations). The median number of copulations for multiple copulation females was 2 (n = 11, Q 1 = 2, Q 3 = 3). There was no significant difference between multi-male copulations (2, n = 3, Q 1 = 2, Q 3 = 6) and repeated copulations (2.5, n = 8, Q 1 = 2, Q 3 = 3; U-test, U = 12, z = 0, P = 1.00).
The median interval between successive copulations for females with a single male was 134 min (n = 13, Q 1 = 55, Q 3 = 236). The interval between successive copulations for a female with more than one male ranged from 10 min to 1765 min. In an extreme case an 11 yr female firstly mated with a 5 yr SM, and then accepted copulation from a 2 yr SM after 1765 min. At the other end of the scale, a 5 yr female copulated six times with a DM and three SMs within a two hour period during her one day estrus. The median interval between successive copulations for the 5 yr female was 14 min (n = 5, Q 1 = 11, Q 3 = 39), which was significantly different from the median interval between successive copulations for females with a single male (U-test, U = 3.5, z = −2.86, P = 0.004).
In four of the 20 cases of single-male copulation, females copulated with SMs, and in all three cases of multi-male copulation the initial copulation was with a SM. The proportion of single-male copulating females who copulated with an SM was significantly lower than that of multi-male copulating females who initially mated with an SM (Fisher's exact test: P = 0.020). In one case of multi-male copulation a female copulated with a higher ranked SM, then one day later when the female was towards the end of her estrous period she copulated with a lower ranked SM. The remaining two multi-male copulating females copulated last with DMs. Nine of the 11 multiple copulation females mated with DMs last.
Post-copulatory guarding by DMs and SMs
Three DMs and eight SMs achieved complete copulations during the study period. All males attempted to guard females following copulation. The duration of post-copulatory guarding for DMs and SMs is shown in Fig. 3 . For the duration of post-copulatory guarding, DMs guarded their mates significantly longer than SMs (U-test, U = 13.500, z = −3.671, P < 0.001). The duration of post-copulatory guarding by DMs was significantly longer than the interval between successive copulations of females with a single male (U-test, U = 62.000, z = −2.203, P = 0.028), whereas the duration of post-copulatory guarding by SMs was significantly shorter than this interval (U-test, U = 28.000, z = −2.295, P = 0.022). In seven of the 18 cases of DM post-copulatory guarding, males mated additional one to three times. For SMs additional mating only occurred in two out of 10 cases, although there was no significant difference between DMs and SMs (Fisher's exact test: P = 0.417). Guard breaks occurred in two out of 18 post-copulatory guarding cases for DMs, and nine out of 10 SM cases (Fisher's exact test: P < 0.001). The single successful case of SM post-copulatory guarding occurred when the DM was busy guarding his mate. Post-copulatory guarding by SMs was interrupted by take-over (six out of nine cases) and female escape (three out of nine), while the two cases of guard breaks for DMs were caused by take-over. The three females that escaped from the SMs did not subsequently attract the attention of other males.
Discussion
Our study provides a quantitative description of copulatory behavior in Eld's deer. Copulation in this species is brief and males engage in a single violent ejaculatory thrust. Qualitatively, this copulatory behavior is identical with many other cervid species (Dewsbury, 1972; Warren et al., 1978; Clutton-Brock et al., 1982; Miura, 1984; Miura et al., 1993) , and copulation in cervids is generally fast (Hediger, 1965 (Dewsbury, 1972) . However, Dewsbury's scheme does not consider intromission duration. Eld's deer intromits very briefly, but in some mammals intromission can last for hours (Dixson, 1989; Larivière and Ferguson, 2002) . In addition, Dewsbury's criterion of multiple ejaculations is not complete because so many male mammals are able to ejaculate twice in one hour (Dewsbury, 1972; Fanjul and Zenuto, 2008) . To take account of these problems during the study of copulatory patterns in primates, an alternative scheme was provided by Dixson (1998) who modified Dewsbury's scheme by replacing multiple ejaculation criterion with brief intromissions (< 1 min in duration) or prolonged intromissions (> 3 min). According to Dixson's classification, the copulatory pattern of Eld's deer belongs to pattern No. 16 (no lock, no thrusting, single and brief intromission).
Sexual activity in male Eld's deer peaked during the day, with most (72%) of the 25 adult females copulating during daylight. Males exhibited a desire to mate at any time of the day. Fewer mating events were observed before 09:00 h and between 12:00-14:00 h (Fig. 1) . In the early morning we observed male deer mostly exhibiting pre-courtship or courtship behavior, indicating this might be a period of female readiness for copulation (Yuan et al., 1988) . The reduction in copulatory activity around noon may be due to the high temperatures of the tropical environment. This is supported by patterns in buck goats that are most sexually active at mild tem-peratures (Mellado et al., 2000) .
Multiple mounts occur in many cervids (Golley, 1957; Kucera, 1978; Apollonio et al., 1989) . Earlier mounts before the final mount and ejaculation in male Eld's deer may be part of a species-typical pattern of mating activity. During earlier mounts intromission did not occur, and until she was fully receptive, estrous female reacted to male mounting attempts by running away or moving forward. Occasionally a male would dismount because of losing his balance or via disturbance from another male. These earlier mounts possibly affected female estrus and allow males to assess female readiness for copulation. Copulations of Eld's deer were monopolized by a few DMs. DMs had more opportunities mount and did so significantly more than SMs. Dominant Eld's deer males tolerate the presence of other males during the rut, providing SMs with opportunities to mate (Yuan et al., 1988) . Lower ranked males are frequently driven away by DMs as they attempt to copulate (Yuan et al., 1988) . A decrease in the number of mounts and the duration of the pre-copulatory phase, as observed in this study, could be an optimal strategy of SMs to achieve copulation before being driven away by a DM, as is the case for sika deer (Endo and Doi, 2002) .
This study also demonstrates that female Eld's deer have the potential for multiple copulations with either a single male or several males. Female multiple copulations have previously only been reported for some cervids, such as reindeer Rangifer tarandus (Hirotani 1994) , Chinese water deer (Sun and Dai, 1995) , and sika deer (Endo and Doi, 2002; Minami et al., 2009) .
In many mammalian species with non resource-based mating systems where males only transfer sperm to females, females may benefit from multiple copulations through fertility assurance, avoidance of male harassment, genetic diversity and genetic quality (Birkhead and Parker, 1997; Jennions and Petrie, 2000) . Endo and Doi (2002) found that female sika deer only managed escape when guarded by subordinate males, and subsequently mated with males higher in rank. This suggests that females may indulge in multiple copulations because of better genetic quality amongst higher ranked males. Here, female Eld's deer only escaped from post-copulatory guarding by SMs. Although these females did not subsequently copulate with higher ranked males, the majority (> 81.8%) of multiple mating females finally mated with DMs or higher ranking males. Our findings indicate that multiple mating behavior in female Eld's deer may be a way of improving the genetic quality of offspring by mating with higher ranking males of greater fitness.
We found that female Eld's deer accepted copulations from multiple males in order to avoid harassment. As an extreme example, an estrous female was observed copulating with up to four different males after a serious conflict that included chasing and take-over within two hours. During this period, six males including one DM and five SMs attempted to mate with this female. The estrous female usually ran away when the DM drove away SMs, or when two high ranked males fought. Following her escape, other males immediately rushed to the female, chasing her persistently and attempting to forcibly mate. These chase events continued for several minutes and the female appeared visibly exhausted. Once exhausted, we observed her accepting copulation in order to avoid further harassment. Previous reports have suggested that female cervids benefit from multi-male mating by avoiding further male harassment (Clutton-Brock and Parker, 1995) . In the case study described here, the estrous female mated not only with the DM but with three SMs during her estrus, and the interval between successive copulations was significantly shorter than the median interval for females mating multiple times with a single male.
The spatial-temporal distribution of estrous females strongly determines the mating tactics of male deer. In a harem-forming red deer population, in which many females in a group experience estrus synchronously, the dominant male detaches himself from a female immediately following copulation and attempts to mate with other estrous females in order to maximize his reproductive success (Clutton-Brock et al., 1982) . In contrast, female Eld's deer indulging in multiple copulations have asynchronous estrus although they are seasonal breeders and congregate in large groups during rut (Yuan et al., 1988; Song and Li, 1990; Song and Zeng, 2003) . Consequently, the daily availability of females in estrus for rutting males was low compared with harem-forming red deer. When few females are in estrus, males should invest relatively more effort in each female, as the probability of finding another reproductive opportunity is low. In such a situation, the most profitable tactic for the male is to guard a female after copulation, rather than search for further females in estrus. In our study the duration of post-copulatory guarding by DMs was significantly longer than the interval between successive copulations. Therefore, post-copulatory guarding by DMs appears to be effective at preventing females from copulating with other males.
